A B S T R A C T Serum immunoreactive parathyroid hormone (iPTH) and plasma total calcium, ionized calcium, magnesium, and phosphorus levels were determined during the first 9 days of life in 137 normal term infants, 55 "sick" infants, and 43 hypocalcemic (Ca < 7.5 mg/100 ml; Ca"+ < 4.0 mg/100 ml) infants.
A B S T R A C T Serum immunoreactive parathyroid hormone (iPTH) and plasma total calcium, ionized calcium, magnesium, and phosphorus levels were determined during the first 9 days of life in 137 normal term infants, 55 "sick" infants, and 43 hypocalcemic (Ca < 7.5 mg/100 ml; Ca"+ < 4.0 mg/100 ml) infants.
In the cord blood, elevated levels of plasma Ca"+ and Ca were observed, while levels of serum iPTH were either undetectable or low. In normal newborns during the first 48 h of life there was a decrease in plasma Ca and Ca", while the serum iPTH level in most samples remained undetectable or low; after 48 h there were parallel increases in plasma Ca and Ca"+ and serum iPTH levels. Plasma Mg and P levels increased progressively after birth in normal infants.
In the sick infants, plasma Ca, Ca"+ and P levels were significantly lower than in the normal newborns, while no significant differences were found in the plasma Mg levels. The general pattern of serum iPTH levels in the sick infants was similar to that observed in the normal group, though there was a tendency for the increase in serum iPTH to occur earlier and for the iPTH levels to be higher in the sick infants.
In the hypocalcemic infants, plasma Mg levels were consistently lower than in the normal infants after 24 h of age, while no significant differences were found in Received for publication 7 November 1973 and in revised form 28 March 1974. the plasma P levels. Hyperphosphatemia was uncommon and did not appear to be a contributing factor in the pathogenesis of hypocalcemia in most infants. Most of the hypocalcemic infants, including those older than 48 h, had inappropriately low serum iPTH levels.
Evidence obtained from these studies indicates that parathyroid secretion is normally low in the early newborn period and impaired parathyroid function, characterized by undetectable or low serum iPTH, is present in most infants with neonatal hypocalcemia. Additional unknown factors appear to contribute to the lowering of plasma Ca in the neonatal period. The net effect of unknown plasma hypocalcemic factor (s) on the one hand and parathyroid activity on the other may account for differences in plasma Ca levels observed between normal, sick, and hypocalcemic infants. Depressed plasma Mg is frequently present in hypocalcemic infants. To what degree the hypomagnesemia reflects parathyroid insufficiency or the converse, to what degree parathyroid insufficiency and hypocalcemia are secondary to hypo-INTRODUCTION Though poorly understood, the regulation of calcium homeostasis in the newborn period has been of considerable interest. At birth, the plasma calcium (Ca) level in cord blood exceeds that in maternal blood. During the early days of life, the plasma Ca level progressively decreases in normal infants, so that by the second or third day of life, the level is lower than that found in older infants and children. In most normal full-term infants the plasma Ca level returns to normal by 10 days of life. The decline in plasma Ca in the newborn period is greater in infants who are not fed or who receive cow's The Journal of Clinical Investigation Volume 54 August 1974a287-296 milk than in breast-fed infants, and greatest in infants r who are sick and/or the products of abnormal preg-i nancies and labors, including premature infants, infants j of diabetic mothers, and infants with asphyxia (1). In s some infants the plasma Ca level falls to pathologically low levels and tetany or convulsions may result.
I
The possible role of transient hypoparathyroidism as I an etiologic factor in neonatal hypocalcemia has -received considerable attention, but there has been little direct I evidence to support this hypothesis. The development in 1 our laboratory of a sensitive radioimmunoassay for the I determination of parathyroid hormone in small quantities of serum has given us the opportunity to assess parathyroid function in the newborn more directly. In I a preliminary report, we presented data restricted to measurements of plasma Ca and immunoreactive parathyroid hormone (iPTH)' in a limited number of normal and hypocalcemic newborn infants during the first 90 h of life (2) . The results suggested that parathyroid function was depressed during the first hours of life in normal newborn infants; in addition, low levels of serum iPTH were found in several of the hypocalcemic infants studied. Because the data in the preliminary study were insufficient to be conclusive and because the age range included only the first 90 h of life, this aspect of our investigation, which comprises one segment of this report, has been extended in the following ways: (a) the total aggregate of normal and hypocalcemic infants has been increased by approximately threefold, (b) the age range studied has been extended from the first 90 h of life to the first 158 h of life in the normal newborns and to the first 216 h of life in the hypocalcemic infants, and (c) in addition, arterial and venous umbilical cord blood values are reported. The results of this phase of the study firmly establish the pattern of parathyroid function in normal neonates which, in turn, provides an important and indispensable data base for the more comprehensive studies of hypocalcemic infants and, equally important, for the additional new studies briefly discussed in the following paragraphs and detailed in the body of this report.
It has been well established that various complications of pregnancy, delivery, and the neonatal period predispose the newborn infant to develop hypocalcemia (1) . The reason for this is unknown and it is not clear why some infants who are subjected to these complications develop hypocalcemia while others do not. In an effort to gain insight into this problem, we studied 55 infants without evidence of hypocalcemia who were hospitalized in the intensive care unit of the newborn nursery because of a variety of complications of pregnancy, delivery, and the newborn period. The findings in this group, desig1Abbreviations used in this paper: iPTH, immunoreactive parathyroid hormone; P, inorganic phosphorus. nated as "sick" infants, are compared to the findings in the hypocalcemic infants, most of whom were subjected to complications similar to those observed in the sick infants.
The role of hyperphosphatemia and its influence on neonatal calcium metabolism and parathyroid function has been a subject of concern and debate for many years (1) . Because early reports relied on indirect studies of parathyroid function, our knowledge of the interrelationship of phosphorus metabolism and parathyroid activity in the neonatal period is uncertain. The results of the studies to be presented allow for a more direct assessment of this interrelationship than has heretofore been possible.
In recent years an association between hypocalcemia and hypomagnesemia has been observed in newborn infants as well as in older children and adults. Recent evidence obtained in our laboratory demonstrated that parathyroid hormone synthesis and/or secretion was impaired in a hypomagnesemic adult, and similar findings were reported in an 8-yr-old child by Suh, Tashjian, Matsuo, Parkinson and Fraser (3, 4) . However, there is little information on the influence of magnesium on calcium homeostasis in the newborn. In this report we explore the role of magnesium in neonatal hypocalcemia, and the possible influence of this cation on neonatal parathyroid function.
Though it has been the subject of a number of studies, it is apparent that the underlying pathophysiologic mechanism responsible for neonatal hypocalcemia has not been clearly defined. As 38 wk, while 20 were considered to be premature (32-37 wk of gestational age). In 34 of the 43 infants there were definite signs of increased neuromuscular irritability including twitching, tetany, and convulsions, while in 9 infants signs of increased neuromuscular activity were questionable. In 37 cases the pregnancy, delivery, and/or neonatal course was abnormal. The most frequent complications were cesarean section (n = 19), maternal diabetes (n = 9), respiratory distress syndrome (n = 6), asphyxia (n = 8), sepsis (n = 4), hyperbilirubinemia associated with Rh or ABO incompatibility (n = 8), and placental abnormalities (n = 3). As in the sick group, the type of alimentation was variable in this group, and 24 infants were receiving or had received intravenous fluids at the time of the study. The incidence of various complications observed in the sick and hypocalcemic infants is compared in Table I .
Blood sampling. Arterial and venous cord blood samples were drawn separately by puncture of the main placental arteries and veins immediately after delivery of the placenta. In all normal infants, blood specimens were collected by arm or scalp vein puncture with a scalp vein needle; collections were made in the late morning between 2 and 4 h after a feeding. In both the hypocalcemic and sick infants, blood samples were obtained either by peripheral vein puncture or from umbilical artery catheters, employed for infusion of fluids. In all of the hypocalcemic infants, blood samples were obtained before calcium therapy. Laboratory procedures. Serum levels of iPTH were determined by a double-antibody radioimmunoassay technique developed in our laboratory (6) . The antiserum used in this study (GP.03) was obtained by immunizing a guinea pig with partially purified bovine parathyroid hormone and is used at a final dilution of 1: 100,000. In gel filtration studies of serum from patients with primary and secondary hyperparathyroidism, GP.03 antiserum detected a peak of immunoreactivity that corresponded to the [II]bovine parathyroid hormone marker (mol wt 9,500) and a larger peak with a trailing shoulder that eluted later than the marker (6) . This indicates that our antiserum GP.03 recognizes circulating forms of parathyroid hormone, which includes the 84-amino acid peptide (mol wt 9,500) as well as smaller immunoreactive species (7) (8) (9) . Human hyperparathyroid serum is used as the reference standard in the assay and the concentration of iPTH in unknown serum samples is expressed as microliter equivalents of the standard hyperparathyroid serum per milliliter (,uleq/ml). This assay is sensitive and reproducible and has proved to be an excellent tool for evaluation of patients with para- In the majority of normal newborn infants the serum ( 5 4 7 7 5 7 7 7 4 0 7 ( 3 2 7 (35) iPTH levels were undetectable or low during the first levels and mean±SD of plasma 48 h of life. Only 36% of the serum iPTH levels were els in normal newborn infants. The detectable before 48 h of age. Subsequently, an increase 3 (3.85-9 .00 mg/100 ml). values of 71 and 68 Aleq/ml were found at 25 and 100 h the serum iPTH levels in cord of age, respectively. The possibility that the elevated e (83%) to low. In the one in-levels might, in part at least, be artifactual and the result of nonspecific serum factors will be discussed later. (12) mal group, the differences were not statistically sigerum iPTH levels and mean±SD of plasma nificant, nor were there any significant differences beg, and P levels in sick newborn infants. The tween the plasma P levels in the hypocalcemic and sick ine indicates the limit of detectability of the infants. The relationship between the plasma P levels
Significant differences (P > 0.05) were found in the normal, sick and hypocalcemic infants is shown plasma Ca++, Ca, Mg, or P levels at different .
..in Fig. 4 . It is important to point out that hyperphosphatemia was not a common finding in the infants with hypocalcemia. Only 6 of the 43 hypocalcemic infants group in each of the time intervals studied had plasma P levels greater than one standard deviation above the mean values of the normal group.
The general pattern of serum iPT'l levels in the sick neonates was similar to that observed in the normal group and no statistical differences were found during each of the time periods studied. As in the normal group, only 36% of the serum iPTH levels were detectable before 48 h, with an increase to 83% being observed after 72 h of age. However, the increase in serum iPTH occurred earlier in the sick group, as demonstrated by the finding of 56 and 77% detectable levels at 24-48 and 48-72 h, respectively, as compared to 37 and 51% in the normal group. Furthermore, the percentage of serum iPTH levels in the mid to high-normal range was greater in the sick than in the normal group, particularly during the time periods 72-96 h and after 96 h, when 50 and 66%, respectively, had levels higher than 5 Aleq/ml in the sick infants compared to 25 and 38% in the normal infants. Nine of the 55 sick infants had serum iPTH levels greater than 10 Aleq/ml; six of them had moderately elevated values ranging from 11.5 to 25 uleq/ml; while the values in the other three infants were 36, 54, and 115 ,leq/ml. Hypocalcemic group (Fig. 3) . There is no agreement in the literature concerning the level of plasma Ca which defines neonatal hypocalcemia. Authors have variously defined neonatal hypocalcemia as a plasma Ca level less than 8 mg/100 ml (15), less than 7.5 mg/100 ml (16), or less than 7 mg/100 ml (17) . In our study, 
3.44 ± 0. 47 (6) 6.32 + 0. 94
1. 63 0. 31 (6) 6.60 + 2. 16 (6) 3.17±0.84 3.18 + 0.60 (16, 30 , and 37.5 ,leq/ml) in the presence of hypocalcemia. This is in contrast to the consistently elevated levels of serum iPTH that we have observed in older infants and children with hypocalcemia due to a variety of causes other than parathyroid insufficiency.
Summary of comparative findings in normal, sick, and hypocalcemic infants. The serum iPTH levels were usually undetectable or low in cord blood as well as during the first 48 h of life in normal, sick, and hypocalcemic infants. After 48-72 h of life an increase in serum iPTH was observed in the normal and sick infants, but not in the hypocalcemic infants. A study of the incidence of detectable plasma iPTH levels during the first 7-9 days of life provides a comparative indicator of the pattern of parathyroid activity in the three groups. During the first 48 h of life the serum iPTH levels were detectable in approximately 35-36% of infants in each of the three groups, i.e., normal, sick, and hypocalcemic. After 72 h of life the percentage of detectable serum iPTH levels was 75 in the normal infants, 83 in the sick infants, and 28 in the hypocalcemic infants. There was a tendency for the increase in serum iPTH to occur earlier, and for the iPTH levels to be higher in the sick infants than in the normal infants.
The plasma Ca and Ca"+ were elevated in cord blood. In normal infants the Ca and Ca"+ levels fell during the first 48 h of life and then rose after 48 h of life, paralleling the rise in serum iPTH. By definition the plasma total calcium was less than 7.5 mg/100 ml in the hypocalcemic infants. Though the plasma Ca levels were above 7.5 mg/100 ml in all of the sick infants, the mean plasma Ca"+ and Ca were significantly lower than in the normal group. No significant differences in the plasma Ca"+ and Ca levels were found in the sick infants in the various time periods studied.
A progressive increase in plasma Mg was observed in normal newborn infants during the first week of life. The plasma Mg levels in the sick infants were not significantly different from those in the normal infants and showed the same trend of a progressive rise during the first week of life. By contrast, after 24 h of age the mean plasma Mg levels were consistently and significantly lower in the hypocalcemic infants than in the normal and sick infants.
In the normal newborn infants the plasma P levels were significantly higher after 24 h of age than before 24 h of age. The plasma P levels in the sick infants were significantly lower than those of the normal infants in each of the time periods studied. A wide range of plasma P was observed in the hypocalcemic infants in each of the time periods studied and, although the mean values were generally lower than the corresponding values in the normal group, the differences were not statistically significant. It is important to point out that hyperphosphatemia was an uncommon finding in the infants with hypocalcemia. Correlation analysis. In the normal infants plasma Ca" and Ca levels were significantly correlated (P < 0.05) in the cord blood and from 24 h to 158 h, while no correlation was found from 3 to 24 h. Plasma Ca"+ and Ca levels were not correlated at any time in the sick and hypocalcemic infants. Serum iPTH levels did not correlate in any of the three groups of infants with plasma Ca++, Ca, Mg, or P levels. No correlations were observed between plasma Ca`+ or Ca levels and plasma P levels. There was a significant positive correlation between plasma Ca levels and plasma Mg levels in the normal group and in the sick group from 72 to 96 h (P < 0.05 and after 96 h (P < 0.01), while in the hypocalcemic group a significant positive correlation was found only between 72 and 96 h (P < 0.05). Because 38% of the sick and 47% of the hypocalcemic infants were premature, we analyzed the gestational age in these two groups of infants in relationship to the plasma Cam, plasma Ca, and, serum iPTH levels, but no significant correlations were found at any time.
DISCUSSION
The finding reported in this paper of undetectable iPTH levels in the cord blood of most of the infants studied indicates that parathyroid secretion is depressed at birth. The corollary to this observation is that the high levels of plasma Ca and Ca"t present in cord blood are not the result of hyperactivity of the fetal parathyroid glands. This places greater emphasis on the primordial role of the placenta in maintaining a high fetal-to-maternal calcium gradient by means of a specific calcium active transport mechanism (18) . It seems reasonable to hypothesize that the relatively high plasma Ca levels induced by the placental calcium pump contribute to the depression of fetal and neonatal parathyroid function.
In view of the results of our cord blood studies, it is pertinent to briefly review previously published work, in which attempts were made by a variety of means to assess parathyroid function during embryonic life in humans and experimental animals. Histologic studies indicate that fetal human parathyroid glands at midpregnancy have the typical features of active adult glands, including the presence of vesicular cells (19, 20) . In vitro studies strongly suggest that in the first third of gestation secretory activity is present in human, sheep, guinea pig, and chicken fetal parathyroid glands, as indicated by the ability of the glands to induce bone resorption when explanted in close contact with neonatal rat parietal bone (21) (22) (23) . Further evidence' for the presence of circulating parathyroid hormone in the fetus is that a fall in plasma Ca occurs in the rat fetus after thyroparathyrodectomy or the injection of antibovine parathyroid hormone (24, 25) . More direct evidence for active fetal parathyroid function was obtained by Smith, Alexander, Buckle, Britton, and Nixon (26), who demonstrated increased levels of serum iPTH in five sheep fetuses during the last half of pregnancy in response to EDTA-induced hypocalcemia.
The foregoing evidence of fetal parathyroid activity appears to be inconsistent with the large number of undetectable serum iPTH-levels found in cord blood in our study. However, it should be recognized that many of the previously -reported results were obtained from studies of fetuses during the first half of gestation and therefore cannot be directly applied to the status of the parathyroid glands at the end of pregnancy. Indeed, important changes in calcium homeostasis occur in both the mother and fetus during gestation. In human studies it has been demonstrated that plasma Cae' and Ca levels decrease (27) while the serum iPTH increases (28) during the last trimester of pregnancy. In the guinea pig and rabbit the fetal plasma Ca level decreases significantly below the maternal level at approximately mid-gestation, corresponding in the time with the onset of fetal skeletal calcification; subsequently, the fetal plasma Ca concentration increases and exceeds the maternal level at the end of gestation (29, 30) . In this regard, the findings of Smith et al. are important and pertinent to the discussion (26) . They found undetectable basal values of plasma iPTH in three of four sheep fetuses-with high Ca levels during the late stage of gestation, while a fifth fetus at mid-gestation had relatively lower basal Ca levels and a detectable level of iPTH. Thus, the finding of high plasma calcium levels and undetectable iPTH levels in sheep -fetuses late in gestation is consistent with our findings in the cord blood of newborn infants at birth.
The persistence of undetectable to low serum iPTH levels while the plasma Ca"+ and Ca fall during the first 48 h of life in normal newborns and the subsequent parallel increases in iPTH, Ca", and Ca levels suggest that neonatal parathyroid function remains depressed for a short period of time after birth. The increase in parathyroid activity observed in normal newborns after 48 h of life is consistent with the increase in phosphate clearance (31, 32) and in urinary cyclic AMP (32) that has been reported between the first and third-day of life in normal newborn infants.
The major finding in the hypocalcemic group was the prevalence of undetectable or inappropriately low serum iPTH levels before as well as after 48 h of age. This is in sharp contrast to the consistently elevated levels of serum iPTH observed in our laboratory in older hypocalcemic infants and children with intact parathyroid function. Thus, evidence obtained from our study demonstrates that neonatal hypocalcemia is frequently associated with impaired parathyroid function.
It is of interest that though the majority of normal and sick newborn infants had undetectable levels of serum iPTH before 48 h of age, the fall in plasma Ca++ and Ca in these infants was relatively small when compared to the hypocalcemic group. The reason for this is not clear. After 48 h of age, differences in parathyroid function are more apparent since the majority of normal and sick infants had detectable levels of serum iPTH while the majority of hypocalcemic infants had undetectable levels. Thus, the studies of infants older than 48 h more clearly demonstrated the association of parathyroid insufficiency and neonatal hypocalcemia.
The importance of taking the age of the neonates into consideration in evaluating parathyroid function was also demonstrated in studies of infants undergoing exchange transfusions previously reported by our laboratory (2) . Base-line plasma Ca"+ levels were within the normal range in these infants but, because of the citrate in the donor's blood, plasma Ca"+ decreased markedly in all infants during exchange transfusion, giving us the unique opportunity to assess the response of the neonatal parathyroid glands to acute hypocalcemic stress. We observed that infants older than 48 h responded to acute hypocalcemia induced by exchange transfusion with a distinct increase in circulating iPTH, while in younger infants the response was either poor or absent.
The exchange transfusion studies demonstrated that impaired parathyroid responsiveness to acute hypocalcemia is a common finding in nonhypocalcemic infants in the first 24-48 h of life and that after 48 h, the parathyroid glands are able to respond appropriately to hypocalcemia. This finding is consistent with the spontaneous rise in serum iPTH observed after 48 h in normal infants. Thus, the exchange transfusion studies lend support to the present study and further demonstrate that the presence of low and undetectable levels of iPTH in hypocalcemic infants older than 48 h is of pathologic significance.
In each group of newborns studied, a small number of infants had elevated serum iPTH levels. The significance of this finding is uncertain. It is possible that, in some cases at least, the apparent high levels were artifactual, due to nonspecific factors that may influence immunoassay procedures rather than to It is well known that hypocalcemia frequently occurs in newborn infants who are sick and/or the products of abnormal pregnancies and labors. This was true in our study and suggests that the hypocalcemic factor(s) might in some way be related to perinatal pathology. The net effects of unknown serum hypocalcemic factor (s) on the one hand and parathyroid activity on the other may account for the differences in plasma Ca levels observed between normal, sick, and hypocalcemic infants. Indeed, it is possible that in the sick infants, a compensatory parathyroid response prevented a more pronounced fall in plasma Ca to hypocalcemic levels; in this regard the tendency toward higher serum iPTH levels in the sick group as compared to the normal group may be of significance.
As indicated previously, hyperphosphatemia has been implicated as a possible etiologic factor in neonatal hypocalcemia. Neonatal hyperphosphatemia has variously been attributed to renal immaturity, dietary phosphorus load, excessive tissue breakdown, and transient hypoparathyroidism. Tsang, Kleinman, Sutherland, and Light (33) observed a significant negative correlation between plasma P and Ca levels in the cord blood and at 24 h, but not at 48 h of age in a group of 20 newborns of diabetic mothers. In another study Tsang and Oh (17) found that hypocalcemic low birth-weight infants had significantly higher values of plasma P than nonhypocalcemic low birth-weight infants at 8 and 29 h of age. However, in other reports (15, 16, 34, 35) no correlation was found between the plasma Ca and P levels in normal and hypocalcemic newborns. In our study we did not find any correlation between the plasma Ca and P levels in the normal, sick, or hypocalcemic newborns. Many hypocalcemic infants had relatively low levels of plasma P, and only 6 of the 43 hypocalcemic infants had elevated plasma P. Thus, in the majority of the hypocalcemic infants, there was no evidence that hyperphosphatemia played a contributory role in the pathogenesis of the hypocalcemia. The fact that three of the five hypocalcemic infants older than 96 h had elevated plasma P levels and undetectable serum iPTH levels suggests that, in part at least, the hyperphosphatemia was secondary to hypoparathyroidism. It is not clear why the sick group had lower levels of plasma P than the normal group and did not demonstrate a rise in plasma P levels as did the normal infants. It is of interest that Radde, Parkinson, Hoffken, Apiah, and Hanley (36) made a similar observation in a group of sick infants. A possible explanation is that, due to poor feeding, the dietary intake of P was less in the sick infants than in the normal group. This may also account for the rela-tively low plasma P levels found in many of the hypocalcemic infants.
The importance of magnesium in the pathogenesis of hypocalcemia has become evident in the last decade, with numerous reports of an association between hypomagnesemia and hypocalcemia (3, 4, (37) (38) (39) (40) . The published reports indicate that magnesium deficiency may interfere with normal parathyroid function, either by impairing the secretion and/or synthesis of the hormone (3, 4) or by interfering with the action of the hormone at the target organs (39) . In our study, depressed plasma Mg was a frequent finding in hypocalcemic infants.
Newborn infants with depressed plasma Mg may be divided into two groups (41): (a) chronic congenital low plasma Mg or "primary hypomagnesemia with secondary hypocalcemia," and (b) transient low plasma Mg.
Chronic congenital hypomagnesemia with secondary hypocalcemia appears to be a relatively rare disease due to a primary defect in the gastrointestinal absorption of magnesium. The serum magnesium is usually less than 1.0 mg/100 ml and frequently is in the range of 0.4-0.8 mg/100 ml. Hypomagnesemia in this disorder appears to lead to impaired synthesis and/Qr secretion of parathyroid hormone, which is alleviated by magnesium therapy (3, 4 
